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A B S T R A C T   
Triclosan, a widely used biocide broadly found in aquatic environments, is cause of concern due to its unknown 
effects on non-targets organisms. In this study, a multi biomarker approach was used in order to evaluate the 72 
h-effect of triclosan on the freshwater alga Pseudokirchneriella subcapitata (Raphidocelis subcapitata). Triclosan, at 
environmental relevant concentrations (27 and 37 μg L− 1), caused a decrease of proliferative capacity, which was 
accompanied by an increase of cell size and a profound alteration of algae shape. It was found that triclosan 
promoted the intracellular accumulation of reactive oxygen species, the depletion of non-enzymatic antioxidant 
defenses (reduced glutathione and carotenoids) and a decrease of cell metabolic activity. A reduction of 
photosynthetic pigments (chlorophyll a and b) was also observed. For the highest concentration tested (37 μg 
L− 1), a decrease of photosynthetic efficiency was detected along with a diminution of the relative transport rate 
of electrons on the photosynthetic chain. In conclusion, triclosan presents a deep impact on the microalga 
P. subcapitata morphology and physiology translated by multiple target sites instead of a specific point (cellular 
membrane) observed in the target organism (bacteria). Additionally, this study contributes to clarify the toxicity 
mechanisms of triclosan, in green algae, showing the existence of distinct modes of action of the biocide 
depending on the microalga.   
1. Introduction 
The industry of personal care products has been rising exponentially 
in the last decades. These products contain a series of compounds, like 
antibacterial agents, that are continuously arriving and accumulating in 
water bodies (Jennifer et al. 2017). Triclosan [TCS, 5-chloro-2-(2,4- 
dichlorophenoxy) phenol] is a broad-spectrum antibacterial agent, 
with some antifungal and antiviral properties (Nag et al., 2018) acting as 
a biocide to control and/or kill organisms. TCS is a component of 
household and personal care products like soaps, detergents, tooth-
pastes, deodorants, cosmetics, health and skincare products and also of 
textiles and plastic toys (Dhillon et al., 2015). It blocks the active site of 
the enzyme enoyl-acyl carrier protein reductase hindering the formation 
of bacterial fatty acids and preventing the proper formation of cell 
membranes which has as a consequence the stopping of bacterial growth 
(Dann and Hontela, 2011). 
TCS is found in wastewaters and it is not completely eliminated in 
municipal treatment plants; therefore, it is one of the most frequently 
detected substances in aquatic environments (Bedoux et al., 2012). TCS 
has been found in ground, surface and also in drinking water, in a range 
of concentrations from < 0.2 ng L− 1 to 40 μg L− 1 (SCCS, 2010; Bedoux 
et al., 2012; Nag et al., 2018). Due to its hydrophobicity, TCS can 
accumulate in fat tissues and its presence in fish and humans has been 
described (Bedoux et al., 2012; Montaseri and Forbes, 2016). Conse-
quently, in 2016, the United States Food and Drug Administration 
(US-FDA) prohibited TCS incorporation in household soaps; in the 
following year, US-FDA restricted its use in over-the-counter health care 
antiseptic products (US-FDA, 2017). In Europe, TCS has been banned 
from use in human hygiene products since 2017 (European Comission, 
2016). The European Commission has also amended the EU cosmetics 
Regulation to restrict TCS concentration (max. 0.3%) in products, 
including toothpastes, hand and body soaps (European Comission, 
2014). Despite TCS had been extinct in consumer products, it continues 
to be used as an antibacterial agent in hospitals and other medical fa-
cilities and being found in water bodies all over the world with risks and 
unknown consequences for all ecosystem (Macri, 2017). 
Owing to its antimicrobial properties and its presence in the envi-
ronment, TCS is expected to have toxic effects on aquatic organisms. In 
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fact, toxic effects of TCS in fish (Liang et al., 2013; Paul et al., 2020), 
crustaceans (Rowett et al., 2016) and algae (Orvos et al., 2002; Yang 
et al., 2008; González-Pleiter et al., 2017; Machado and Soares, 2019) 
have been reported. Among aquatic organisms, algae present higher 
sensitivity to this biocide with EC50 values in the range of μg L− 1; con-
trasting with fish LC50 values of mg L− 1. Within the algae group, Pseu-
dokirchneriella subcapitata presented EC50 values of the same order of 
concentration of those found in the environment, showing, in some 
cases, higher susceptibilities to TCS than bacteria (Orvos et al., 2002; 
Yang et al., 2008; Machado and Soares, 2019). 
The toxicity bioassays with micro-algae, preconized by international 
organizations like the Organization for Economic Co-operation and 
development (OECD), United States Environmental Protection Agency 
(US-EPA) or International Organization for Standardization (ISO) use 
the algal growth inhibition as endpoint (OECD, 2011; ISO, 2012; 
US-EPA, 2012). This parameter provides a general information about 
the impact of a specific toxic on the algae population. More specific 
endpoints (physiological, biochemical and molecular) can provide more 
detailed information on the modes of action of the toxics in algal cells. In 
addition, these endpoints can later be used as warning signals of possible 
hazardous effects of aquatic contaminants on algae. In this context, the 
using of fluorochromes in the assessment of cell membrane integrity, 
general metabolic activity, intracellular level of reduced glutathione 
(GSH) or reactive oxygen species (ROS) constitutes a valuable tool 
(Machado and Soares, 2012a, b; 2013; 2016). Since algae are photo-
synthetic, the biochemical quantification of pigments (chlorophyll a and 
b) (Soto et al., 2011; Machado and Soares, 2015), as well as the evalu-
ation of photosynthetic efficiency, using pulse amplitude modulation 
(PAM) fluorometry (Kumar et al., 2014), are important biomarkers in 
the detection and characterization of the possible effects of toxicants on 
algae. 
TCS toxicity studies with diverse algae (not including P. subcapitata) 
are reported (Ciniglia et al., 2005; Almeida et al., 2017; Xin et al., 
2019a). This biocide promotes the reduction of chlorophyll concentra-
tion (Pan et al., 2018; Wang et al., 2020), perturbs photosynthesis 
(Ciniglia et al., 2005; Xin et al., 2019a) and increases membrane 
permeability (González-Pleiter et al., 2017; Wang et al., 2020). In 
addition to these effects, a reduction of algal biovolumes/size was re-
ported for several spherical algae (Xin et al., 2017, 2019a, b). Due to its 
high sensitivity and the unawareness of the toxic effects promoted by 
this biocide on P. subcapitata, this alga appears as a good aquatic model 
organism, of lower trophic level, to be used in the elucidation of the TCS 
mechanisms of toxicity, on non-target organisms. Moreover, 
P. subcapitata (also commonly known as Raphidocelis subcapitata or 
Selenastrum capricornutum) has being recommended as standard micro-
alga by US-EPA (2012) and OECD (OECD, 2011). Additionally, TCS ef-
fects on the environment and on non-target organisms, particularly at 
cellular level, have been poorly elucidated. 
This study investigated, for the first time, the impact of TCS, at sub- 
lethal levels, on the alga P. subcapitata using a multi biomarker 
approach: algal biovolume, cell shape, membrane permeability, general 
metabolic activity, photosynthetic pigments content, photosynthetic 
efficiency, intracellular accumulation of ROS and level of cellular anti-
oxidant defenses [GSH and carotenoids (CAR)]. This work presents new 
evidences regarding cellular responses of a photosynthetic non-target 
organism to TCS pollution. 
2. Material and methods 
2.1. Alga and growing conditions 
The microalga Pseudokirchneriella subcapitata (strain 278/4) was 
obtained from Culture Collection of Algae and Protozoa (CCAP, UK), 
maintained in OECD medium (OECD, 2011) with 20 g L− 1 agar and 
stored in the dark, at 4 ◦C. Pre-cultures and cultures (~ 5 £ 104 cells 
mL− 1) were prepared as previously described by Machado and Soares 
(2012a). For all experiments, algal cells with 2 days, in exponential 
phase of growth (with a doubling time of about 11h) were inoculated at 
~ 5 £ 104 cells mL− 1, on OECD medium and incubated at 25 ◦C, on an 
orbital shaker, at 100 rpm, under continuous light supplied by “cool 
white” fluorescent lamps (4300 K) with an intensity of 4000 lx at the 
flasks surface, as previously described (Machado and Soares, 2012a). 
2.2. Toxicity assays 
Pseudokirchneriella subcapitata, in exponential phase of growth, at 5 
£ 104 cells mL− 1, was exposed in OECD medium to 27 or 37 μg L-1 TCS 
in Erlenmeyer flasks (1 L) with a final volume of 400 mL and incubated 
as described above. These nominal TCS concentrations correspond to an 
algal growth inhibition of 50 and 90%, when compared with control, 
respectively, after an exposure of 72 h. TCS values were previously 
determined by Machado and Soares (2019) using the growth inhibition 
test (OECD, 2011). The TCS concentration corresponding to 72 h-EC50 
was selected since this EC value is commonly used, for comparative 
purposes, as a measure of toxicity; 72 h-EC90 (37 μg L-1) was chosen with 
the aim to study the effect of the biocide at a concentration that can 
strongly impact algal cells. 
TCS (purity ≥97%, ref. 72779) was purchased from Sigma-Aldrich. 
TCS stock solution (1000 mg L− 1) was prepared in dimethyl sulfoxide 
(DMSO, Sigma-Aldrich). Toxicity assays presented a DMSO concentra-
tion ≤0.004% (v/v); control experiments demonstrated that, at this 
concentration, DMSO did not affect P. subcapitata growth (Machado and 
Soares, 2019). 
As recommended by OECD for growth inhibition tests, an incubation 
time of 72 h was used in toxicity assays to assure at least a 16-fold 
growth in control. Then, cells were harvested by centrifugation (2500 
x g, 5 min) and resuspended in 100 mmol L− 1 phosphate-buffered saline 
(PBS), at pH 7.0, for quantification of ROS production or in OECD me-
dium for the remaining determinations. 
Cell concentration was determined, in quintuplicate, using an auto-
matic cell counter (TC10, Bio-Rad). 
2.3. Algae biovolume 
Photos of cells were randomly acquired using a phase-contrast mi-
croscope, with a N plan X 100 objective, equipped with a Leica DC 300 F 
camera and processed using Leica IM 50-Image manager software. 
Biovolume was calculated as previously described (Machado and Soares, 
2014). The experiment was repeated, independently, three times. In 
each experiment and for each TCS concentration, at least 300 cells were 
examined; thus, for each TCS concentration, a total of ≥ 900 cells were 
analyzed. 
2.4. ROS production 
Intracellular ROS accumulation was evaluated with the probe 
2’,7’–dichlorodihydrofluorescein diacetate (H2DCFDA). Once inside the 
cells, H2DCFDA is enzymatically deacetylated to H2DCF, which can be 
readily oxidized (by several types of ROS) to the fluorescent product 
2’,7’–dichlorofluorescein (DCF) (Tarpey et al., 2004). 
After treatment, algal cells (1 £ 106 mL− 1) were resuspended in 100 
mmol L− 1 PBS (pH 7.0) and incubated with 10 μmol L− 1 H2DCFDA 
(Sigma-Aldrich), for 90 min, in the dark, as detailed by Machado and 
Soares (2016). Fluorescence intensity was quantified, in quintuplicate, 
in a microplate reader, as relative fluorescence units (RFUs), at a fluo-
rescence excitation wavelength of 485/14 nm and an emission of 
535/25 nm. Fluorescence results were corrected by subtracting cell, 
medium (where cells were suspended) and dye autofluorescence and 
normalized considering the algal biovolume. The results are expressed 
as the ratio of fluorescence of the assay/fluorescence of the control. 
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2.5. GSH content 
Intracellular reduced glutathione (GSH) content of algal cells was 
estimated with monochlorobimane (mBCl). This probe readily enters 
cells to form fluorescent bimane-glutathione (B-SG) adducts that can be 
measured fluorometrically (Machado and Soares, 2012b). 
Algal cells (1 £ 106 mL− 1), in OECD medium, were stained with 50 
μmol L− 1 mBCl (Sigma-Aldrich), for 90 min, in the dark, as described by 
Machado and Soares (2012b). As negative control, cells were exposed to 
1 mmol L-1 iodoacetamide (Sigma-Aldrich), during 1 h, before staining. 
Fluorescence intensity was determined in quintuplicate, in a microplate 
reader, at fluorescence excitation of 355/40 nm and an emission of 
460/25 nm. Fluorescence was corrected and normalized and the results 
are expressed as described above (section 2.4). 
2.6. Cell membrane permeability 
Cells with a plasma-membrane permeabilized were discriminated 
using the membrane-impermeant SYTOX Green (SG) probe, as previ-
ously described (Machado and Soares, 2012a). SG enters only in cells 
with compromised membrane and binds to DNA, exhibiting a green 
fluorescence (Haugland, 2005). 
Cells (1 £ 106 mL− 1) were incubated with 0.5 μmol L− 1 SG (Mo-
lecular Probes, Invitrogen), in the dark, at room temperature, for 20 
min. Positive (cells with permeabilized membrane by heat treatment, at 
65 ◦C, for 1 h) and negative control (cells not exposed to TCS) were used. 
Cells were observed with an epifluorescence microscope, equipped with 
an HBO-100 mercury lamp and a GFP filter from Leica. The experiment 
was repeated, independently, three times. In each experiment and for 
each TCS concentration, at least 400 cells were examined; therefore, for 
each TCS concentration, a total of ≥ 1200 cells were analyzed in 
randomly selected microscope fields. 
2.7. Esterase activity 
TCS inhibits the activity of the enzyme FabI in bacteria (McMurray 
et al. 1998, Levy et al. 1999). One possibility is that TCS can also affect 
other enzymes in non-target organisms, namely esterases, which are 
known to be involved in cellular detoxification mechanisms (Fukami 
and Yokoi, 2012). Esterase activity, which reflects general metabolic 
activity (Regel et al., 2002), was determined using the fluorescein 
diacetate (FDA) hydrolysis assay, described by Machado and Soares 
(2013). The activity of these enzymes results in the hydrolytic cleavage 
of FDA (nonfluorescent) into fluorescein (green-fluorescent) that can be 
measured fluorometrically (Jochem, 2000; Machado and Soares, 2013). 
Algae (5 £ 105 cells mL− 1) were incubated with 20 μmol L− 1 FDA 
(Sigma-Aldrich), in the dark, at 25 ◦C, for 40 min. Positive (cells not 
exposed to TCS) and negative controls (heat treated cells at 65 ◦C, for 1 
h) were also included. Samples fluorescence was measured in quintu-
plicate, corrected and normalized and the results expressed as described 
above (section 2.4). 
2.8. Chlorophyll (Chl) a, b and carotenoids 
Pigments from algal cells (3 £ 106 mL− 1) were extracted with 90% 
acetone (v/v) (VWR Chemicals), at 4 ◦C, for 20 h. Then, samples were 
centrifuged (2500 x g, 10 min) and pigments were determined from 
supernatant. Chlorophylls content were determined, spectrophotomet-
rically, by the measurement of the absorbance at 630, 647, 664 and 
691 nm, as previously described by Soto et al. (2011). CAR were 
determined at 480 nm, as described by Strickland and Parsons (1972). 
Pigments content, determined in triplicate, was normalized by algal 
biovolume and expressed as the ratio of pigment content in the assay and 
the pigment content in the control. 
2.9. Photosynthetic performance 
Photosynthetic performance of Photosystem II (PSII) of 
P. subcapitata, a good stress indicator, was evaluated by PAM fluorom-
etry using a Junior PAM-fluorometer (Walz, Germany) as described by 
Machado and Soares (2020). PSII is the first complex protein that exe-
cutes the initial reaction of photosynthesis. Firstly, the minimal fluo-
rescence (F0) of 30 min-dark adapted algal cells (3 £ 106 mL− 1) was 
measured. Subsequently, the maximum fluorescence (Fm) yield was 
quantified allowing the calculation of the maximum photochemical 
quantum yield of PSII (Fv/Fm) by the WinControl software (version 
3.2.2). Fv/Fm allows to determine the capacity of algal cell to convert 
light into chemical energy. 
Then, a saturated pulse (190 μmol m− 2 s-1) was applied on algal cells 
and the minimum and the maximum fluorescence in the light (F’0 and 
F’m, respectively) were determined. These parameters (tenfold 
measured) were then used on the calculation of the effective photo-
chemical quantum yield of PSII (ɸPSII), the relative electron transport 
rate (ETR) and the non-photochemical quenching (NPQ) by the Win-
Control software. ɸPSII measures the proportion of the light absorbed by 
chlorophyll associated to PSII that is used in photochemistry; ETR rep-
resents the rate of electron transport through the PSII and NPQ depends 
on the safe dissipation of absorbed light energy as heat from PSII 
(Maxwell and Johnson, 2000). Chlorophyll performance parameters 
allow to evaluate the efficiency of light energy utilization and detect 
effects on chloroplast function (Murchie and Lawson, 2013). 
Photosynthetic performance of the alga P. subcapitata was expressed, 
for each parameter, as the ratio between value in the assay and the value 
in the control. 
2.10. Data analysis 
Results are presented as the mean ± standard deviation (SD) and 
outcome from three independent experiments. Statistical analyses were 
performed comparing the difference between control and cells exposed 
to each TCS concentration, using unpaired t test; P values < 0.05 were 
considered statistically significant. 
3. Results 
The knowledge of the adverse effects of biocides on algal species is 
crucial to understand the risks of these compounds in the aquatic 
environment. With this goal, the detrimental impact of the biocide TCS 
on a non-target organism, the freshwater microalga P. subcapitata, was 
evaluated using a multiple endpoint approach. 
3.1. Growth, biovolume and shape 
The exposure of the freshwater alga P. subcapitata to 27 and 37 μg 
L− 1of TCS, for 72 h, led to a significant loss of proliferative capacity, 
when compared to control; at these TCS concentrations, algal growth 
(yield) was reduced 59 ± 3% and 88 ± 1%, respectively (Fig. 1A). 
An alteration of cell size was observed in algae incubated with TCS. 
The increase of TCS concentration originated an enlargement of algal 
size (Fig. 1B). Control cells had an average biovolume of 22 μm3, while 
cells exposed to 27 and 37 μg L− 1 TCS exhibited mean values of 36 and 
120 μm3, respectively (Fig. 1B). Furthermore, a large heterogeneity of 
algal biovolume was observed with the increase of TCS concentration, as 
denoted by the size of the error bars. In control, ~ 98% of cells had a 
biovolume < 50 μm3 (Figure S1 of Supplementary Material), while in 
algae exposed to 27 μg L− 1 TCS, 81% had a biovolume < 50 μm3, 13% 
presented a volume between 50 and 100 μm3 and 6% showed ≥ 100 
μm3. An extended biovolume distribution for algae incubated with 37 μg 
L-1 TCS, for 72 h, was observed; thus, 12–24% of cells in all defined 
biovolume classes were observed. Particularly remarkable is the pres-
ence of ~ 20% of cells with a biovolume ≥ 200 μm3 (Figure S1 of 
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Supplementary Material). 
Accompanying the increase of cell biovolume, a modification of the 
typical sickle-like morphology of P. subcapitata, when incubated with 
TCS, was found. Accordingly, in the algal population incubated with 37 
μg L− 1 TCS, for 72 h, cells with an increased biovolume, but maintaining 
their original shape, as well as cells very deformed or, practically, 
without a defined shape (aberrant morphology) were observed 
(Figure S2B of Supplementary Material; arrows 2 and 3, respectively). 
3.2. Intracellular ROS accumulation and non-enzymatic antioxidant 
defenses 
The generation of ROS with the alteration of redox status is a com-
mon event in algae in response to organic and inorganic toxicants 
(Mallick and Mohn, 2000). With the aim to evaluate if TCS induces 
oxidative stress in P. subcapitata, the intracellular accumulation of ROS 
was monitored using H2DCFDA (Chen et al., 2010). Algal cells exposed 
to 27 or 37 μg L− 1 TCS, for 72 h, exhibited a significant increase of 
intracellular ROS levels, comparatively to the control (Fig. 2A). 
GSH and CAR are important compounds involved in the defense 
against oxidative stress (Pinto et al., 2003). Taking into account that the 
biocide induced an intracellular accumulation of ROS, it was evaluated 
the level of the non-enzymatic defenses GSH and CAR in the algae 
exposed to TCS. It was observed that algae incubated with 27 or 37 μg 
L− 1 TCS, for 72 h, presented a reduced level of GSH (Fig. 2B) and CAR 
(Fig. 2C). The generation of ROS combined with the depletion of cellular 
antioxidant defenses suggests that exposure to TCS induced an alteration 
in the redox state of algae. 
3.3. Cell membrane permeability 
Having in consideration that TCS increased intracellular ROS levels 
and that ROS interact with biological membranes promoting a variety of 
functional changes (Stark, 2005), the impact of this biocide on alga cell 
membrane permeability was evaluated using the SYTOX Green probe 
(Machado and Soares, 2012a). It was observed that about 6 and 13% of 
the algae population, incubated with 27 or 37 μg L− 1 TCS, for 72 h, 
respectively, presented the plasma membrane permeable to SG (Fig. 3). 
This result indicates that, even when exposed to a high TCS concentra-
tion (37 μg L− 1), the algae retained, mostly, the integrity of the plasma 
membrane. 
3.4. Metabolic activity 
In this study, it was observed that TCS provoked a significant inhi-
bition of the esterasic activity, in a concentration-dependent way. Algal 
cells exposed to 27 or 37 μg L− 1 TCS presented a reduction of 38% and 
72% of the metabolic activity, respectively, when compared to control 
cells (Fig. 4). 
Fig. 1. Effects of TCS on growth, biovolume and shape of the alga P. subcapitata. A - algal growth at 72 h. The error bars represent the SD. Statistical differences with 
control were subject to unpaired t test; the results with asterisks are significantly different from the control (p < 0.05). B - algal biovolume at 72 h. The error bars 
represent the SD. C- Phase contrast photomicrographs of algal cells at 72 h. 
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3.5. Chlorophyll pigments and photosynthetic efficiency 
Algae depend of photosynthesis to obtain energy and grow. In this 
context, it was evaluated the possible perturbations induced by TCS on 
algae photosynthetic activity through the quantification of photosyn-
thetic pigments and the assessment of photosynthetic efficiency. 
TCS provoked a significant decay (p < 0.05) of photosynthetic pig-
ments in the alga P. subcapitata. The exposure to 27 μg L− 1 TCS induced a 
reduction of 25% of chl a (Fig. 5A) and 29% of chl b (Fig. 5B). The 
hardest damages were observed for 37 μg L− 1 TCS, which caused a 
depreciation of 74% of chl a and chl b. 
A disturbance of photosynthesis was observed in algae exposed to 37 
μg L− 1 TCS. For this TCS concentration a significant reduction of the 
maximum photochemical quantum yield of PSII (Fv/Fm) (Fig. 5C), the 
effective photochemical quantum yield of PSII (ɸPSII) (Fig. 5D) and the 
relative electron transport rate (ETR) was detected (Fig. 5E), which 
indicate a reduction of the energy used in photosynthesis. A soft ten-
dency for an increase of the non-photochemical quenching was observed 
for 27 and 37 μg L− 1 TCS (Fig. 5F), suggesting that algal cells were 
attempting to dissipate thermally the excess of energy non-channeled for 
photosynthesis. 
Fig. 2. Redox status of P. subcapitata algal cells exposed to TCS, for 72 h. A – 
intracellular ROS generation. B – reduced glutathione (GSH) content. C – ca-
rotenoids (CAR) content. The error bars represent the SD. Statistical differences 
with control were subject to unpaired t test; the results with asterisks are 
significantly different from the control (p < 0.05). 
Fig. 3. Impact of TCS on cell membrane permeability of P. subcapitata. After 
treatment for 72 h, cells were incubated with the cell membrane-impermeant 
SYTOX Green (SG) and the % of cells permeable to the dye was determined. 
The error bars represent the SD. Statistical differences with control were subject 
to unpaired t test; the results with asterisks are significantly different from the 
control (p < 0.05). 
Fig. 4. General metabolic activity of the alga P. subcapitata exposed to TCS, for 
72 h. Metabolic activity was assessed using the fluorescein diacetate hydrolysis 
assay. The error bars represent the SD. Statistical differences with control were 
subject to unpaired t test; the results with asterisks are significantly different 
from the control (p < 0.05). 
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4. Discussion 
TCS is incorporated in different products to combat pathogenic 
bacteria. Due to its wide use and inefficient removal from wastewaters, 
by conventional treatment processes, TCS is found in aquatic environ-
ment where it can pose an undesirable effect on non-target organisms. 
This biocide, at environmental relevant concentrations (27 or 37 μg 
L− 1), induced in the microalgae P. subcapitata the loss of cell prolifera-
tion (Fig. 1A) and metabolic activity (Fig. 4) and the increase of cell 
biovolume (Fig. 1B, C). A progressive inhibition of growth, with 
increasing TCS concentrations was also described in the algae Chlamy-
domonas reinhardtii, Chlorococcum sp. and Asterococcus superbus (Pan 
et al., 2018; Xin et al., 2019a; Wang et al., 2020), at higher concentra-
tions than those here observed with P. subcapitata. TCS also promoted an 
inhibition of esterase activity in C. reinhardtii (González-Pleiter et al., 
2017). However, contrary to what it was here observed with 
P. subcapitata, TCS had little effect on the size of C. reinhardtii (Xin et al. 
2019a) or promoted a decrease in the size of Asterococcus viridis, 
Fig. 5. Photosynthetic pigments content and efficiency of the alga P. subcapitata exposed to TCS, for 72 h. A and B - chlorophyll a and b content, respectively. 
Pigments quantification are expressed as the ratio of pigment content in the assay and the pigment content in the control (μg/μg of the control). C - maximum 
quantum yield of photosystem II (Fv/Fm). D - photochemical quantum yield of photosystem II (ɸPSII). E - electron transport rate (ETR) through the photosynthetic 
chain of photosystem II. F - non-photochemical quenching (NPQ). The error bars represent the SD. Statistical differences with control were subject to unpaired t test; 
the results with asterisks are significantly different from the control (p < 0.05). 
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Chlorococcum sp., Closterium ehrenbergii and Eremosphaera viridis (Cini-
glia et al., 2005; Xin et al., 2019a, b). The different impact of TCS on 
algae size suggests that distinct mechanisms should underlie the toxicity 
of this biocide in green algae. 
The exposure of P. subcapitata to TCS also induced a reduction of the 
photosynthetic pigments chl a and b and photosynthetic activity; the last 
effect was observed for the highest TCS concentration tested (37 μg L− 1) 
(Fig. 5). It is described that algal cells, as a compensatory mechanism, 
increase photosynthetic pigments biosynthesis/concentration when the 
light is used less efficiently due to partial inhibition of photosynthesis 
(Beale and Appleman, 1971). In the present work, a reduction of chl a 
and b concentration was observed (Fig. 5A, B) for 27 μg L− 1 TCS, when 
algae exhibited a photosynthetic activity similar to the control, evalu-
ated through the maximum quantum yield (Fv/Fm) and effective PSII 
quantum yield (φPSII) (Fig. 5C, D). The decrease of chlorophyll content 
can be to their degradation and/or biosynthesis inhibition, as conse-
quence of the reduction of the metabolic activity (Fig. 4); the last 
mechanism (biosynthesis inhibition) seems to be more plausible, taking 
into account the complexity of the chlorophyll biosynthesis pathway 
which involve more than 15 enzymatic reactions (Gálová et al., 2008). 
Similar effects were described in other microalgae exposed to TCS, 
namely a decrease of chlorophyll concentration on C. reinhardtii and 
Chlorococcum sp. (Pan et al., 2018; Xin et al., 2019a) and a reduction of 
photosynthetic activity on Scenedesmus vacuolatus, Nitzschia palea (Franz 
et al., 2008) and C. ehrenbergii (Ciniglia et al., 2005); in the last alga, a 
modification of chloroplast morphology and dimension was also 
observed. The green alga E. viridis after an exposure for 120 h to 1 mg 
L− 1 TCS also presented alterations on chloroplast, namely membrane 
disappearance and scarce thylakoids (Xin et al., 2019b). 
TCS induced oxidative stress in the algal cells of P. subcapitata, 
translated by an increase of intracellular ROS production (Fig. 2A) and a 
decline of non-enzymatic antioxidant defenses (GSH and CAR) content 
(Fig. 2B, C). Like in the case of photosynthetic pigments, the decrease of 
GSH and CAR can be due to the inhibition of their biosynthesis or to their 
consumption in an attempt of algae to reduce ROS to physiological 
levels. Compatible with our results it was described an extensive for-
mation of ROS, induced by TCS, in C. reinhardtii and E. viridis 
(González-Pleiter et al., 2017; Xin et al., 2019b; Wang et al., 2020) and 
the downregulation of the expression of several antioxidant genes in 
C. reinhardtii (González-Pleiter et al., 2017). 
ROS production in photosynthetic eukaryotic organisms, including 
algal cells, can have origin in different organelles such as peroxisomes 
and endoplasmic reticulum, associated with fatty acid β–oxidation or the 
activity of cytochrome P-450 in several detoxification processes; in 
addition, ROS can be generated in mitochondria and chloroplasts, as a 
consequence of the leakage of electrons from the electron transport 
chains present in the inner mitochondrial or thylakoid membranes, 
respectively (Mittler et al., 2004; Lesser, 2006; Del Río and 
López-Huertas, 2016). Although chloroplasts can participate in ROS 
production, at high TCS concentration (37 μg L− 1), due to the limitation 
of electron transport in PSII (Fig. 5E), this should not be the main 
mechanism of ROS formation in P. subcapitata, exposed to TCS, since it 
was observed the increase of intracellular accumulation of ROS in algal 
cells exposed to 27 μg L− 1 TCS, without modification of photosynthetic 
efficiency (Fig. 5C, D) or alteration of ETR (Fig. 5E). 
In most bacteria, plants and algae, fatty acid biosynthesis is catalyzed 
by a group of enzymes known as the type II fatty acid synthase (FASII) 
system (Zheng et al., 2013). In the FASII system, enoyl-acyl carrier 
protein reductase has a crucial role for terminating fatty acid elongation 
(Zheng et al., 2013). It is known that in bacteria, TCS block lipid syn-
thesis through the inhibition of the enzyme enoyl-acyl carrier protein 
reductase (FabI), causing the destabilization of cell membrane and ul-
timately the loss of barrier functions (Phan and Marquis, 2006). 
Although this enzyme can be also found in microalgae, namely on 
P. subcapitata (Suzuki et al., 2018), and therefore be inhibited by TCS, 
cell membrane seems not to be the primary target of the action of this 
biocide. Compatible with this possibility it was observed that more than 
94 and 87% of cell population retained the integrity of plasma mem-
brane when exposed during 72 h to 27 or 37 μg L− 1 TCS, respectively 
(Fig. 3). A different outcome was reported for the microalga 
C. reinhardtii where the exposure to TCS, for 24 h, induced the cell 
membrane damage of almost 90% of the population due to ROS for-
mation and lipid peroxidation (González-Pleiter et al., 2017). 
5. Conclusion 
Pseudokirchneriella subcapitata morphology and physiology was 
severely impacted due to the exposure for 72 h to TCS at concentrations 
that can be found in the environment (27− 37 μg L− 1). In this freshwater 
microalga, TCS induced different toxic symptoms, at different cell levels, 
such as loss of algal proliferation capacity, modification of morphology 
(increase of biovolume and shape modification) and metabolism, 
namely, increase of intracellular ROS, decrease of photosynthetic pig-
ments, GSH and CAR content and reduction of metabolic and photo-
synthetic activity. On the contrary of bacteria (target organism) the toxic 
mode of action of TCS over P. subcapitata, instead of a specific target, 
addressed multiple target sites. 
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